Lipophosphoglycan (LPG) is a lypopolysaccharide found on the surface of the parasite Leishmania donovani that is thought to play an essential role in the infection of humans with leishamniasis. LPG acts as an adhesion point for the parasite to the gut of the sand fly, whose bite is responsible for transmitting the disease. In addition, LPG acts to inhibit protein kinase C (PKC) in the human macrophage, possibly by structural changes in the membrane. The Ca 2+ ion is believed to play a role in the infection cycle, acting both as a crosslinker between LPG molecules and by playing a part in modulating PKC activity. To gain insight into the structure of LPG within a supported lipid membrane and into the structural changes that occur due to Ca 2+ ions, we have employed the atomic force microscope (AFM). We have observed that the LPG molecules inhibit bilayer fusion, resulting in bilayer islands on the mica surface. One experiment suggests that the LPG molecules are parallel to the mica surface and that the structure of the LPG changes upon addition of Ca
Modeling studies have surmised that LPG exists as either a helical or double helical structure. 4, 5 The structure of LPG within the membrane, however, has not been determined experimentally. Atomic force microscopy (AFM) has proven to be a useful tool in the imaging of lipid membrane systems. 6, 7, 8 In addition, AFM has been used to investigate the mechanical properties of polysaccharides. 9, 10, 11, 12 We report herein the AFM imaging of LPG within a lipid membrane to examine LPG structure at the membrane surface and changes that might occur upon the addition of Ca 2+ ions. Although the LPG molecules were difficult to observe on the membrane surface, one set of experiments produced images that were highly suggestive of LPG in the lipid bilayer islands (Figure 3a) . They are visualized as small areas of lighter gray within the islands. The height of the islands relative to the mica surface is 29 ± 3 Å. This height is smaller than that expected for a typical lipid bilayer and that observed for a POPS / POPC bilayer without LPG, indicating that the lipid molecules are either more disordered or have a greater tilt angle when LPG is incorporated. The lighter gray regions on top of the islands have a height of approximately 6.5 ± 2 Å taller than the islands. Based on these heights, we have assigned the darkest regions to the mica surface, the medium gray regions to the POPS / POPC lipid bilayer, and the small light gray regions to the LPG molecules. The small heights of the LPG above the lipid bilayer suggest that the LPG molecules are lying parallel along the bilayer surface. Effect of Ca 2+ . The Ca 2+ ion is thought to play an important role in the structure and function of LPG. It is known to act as a crosslinker between LPG molecules, directly affecting the integrity of the parasite. In addition, the binding of Ca 2+ to LPG may be involved in modulating PKC activity, which is important for infection by Leishmania.
In AFM imaging, there was no observable effect when Ca 2+ was added to POPS / POPC bilayers that did not contain LPG. However, when Ca 2+ was added to the POPS / POPC / LPG bilayers, mixed results were obtained. When 10 mM CaCl 2 was added before vesicle fusion to liposome solutions containing either 0.04 mM or 0.008 mM LPG, the size of the bilayer islands was found to increase relative to those observed for either LPG concentration without Ca
2+
. This result is consistent with published reports stating that the presence of Ca 2+ aids in vesicle fusion. 13 Addition of Ca 2+ following the formation of bilayer islands on the mica surface, however, resulted in no change in size of the islands in most experiments. The exception to this observation occurred in the experiment in which the LPG molecules were thought to be observed. In this case, the addition of 40 mM CaCl 2 resulted in an immediate change in the structure of the bilayer island and the structures attributed to LPG molecules (Figure 3b ). The LPG regions now cover almost the entire bilayer island and appear to be 1 -2 Å taller. The bilayer islands, however, have decreased their surface area. The increase in height of the LPG molecules suggests that the Ca 2+ is crosslinking the molecules, resulting in a structural change that is more perpendicular to the lipid bilayer surface.
Effect of LPG Antibody. To verify the presence of LPG in the bilayer, the IgM antibody was used. The antibody has a molecular weight of 700 kDa and should be easily observable with the AFM. As a control, the antibody was added to a supported bilayer containing only POPS and POPC to confirm the lack of interaction of the antibody with the bilayer. The POPS/POPC bilayer was prepared by vesicle fusion and no defects were observed. Upon addition of the antibody, however, structural changes were observed in the bilayer. Immediately, the bilayer appeared to be rough in spots and a closer examination revealed that the bilayer partially dissolved (Figure 4a ). Moving the AFM tip to other locations on the bilayer showed additional areas of dissolved bilayer that do not cover the entire scanning area, confirming that the AFM tip is not causing the dissolution.
Also observed on the bilayer are small islands that were not seen before addition of the antibody (Figure 4b ). These islands have an approximate height of 25Å and are assumed to be lipids from the dissolved areas depositing on top of the membrane.
Unfortunately, the difficulties encountered with the antibody prohibited us from identifying LPG within the membrane. 
Conclusions
Although liposomes containing 50 mol% POPS / POPC formed continuous lipid bilayers on a mica surface, the addition of LPG causes the formation of bilayer islands that do not coalesce to form a full coverage bilayer. In addition, the size of the islands decreased with increasing LPG concentration suggesting that the addition of LPG inhibits bilayer fusion on the mica surface. While LPG did influence the bilayer structure, it was not readily observed in the islands with AFM. One experiment did reveal structures within the islands that appear to be LPG lying parallel to the mica surface. Also, the structure of the LPG was affected by the addition of Ca 2+ ions, with the LPG covering most of the bilayer island. While these experiments have yielded some insight into the structure of LPG within a supported lipid bilayer, more experiments are needed to assess the repeatability of these observations.
